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By H. Voigt

For the purpose of testing the theory of an oscillat-
ing airfoil of two degrees of freedom, a wingz was mounted
in the wind tunnel between two walls in such a manner that
1t could execute vertical (flexural) oscillations as well
as torelonal osclllations about an arbltrary axis parallel
to the span. It was posslble to vary the inertla and elas-
ticlty paraaesters snd also to lncrease artificially the
negligibly small natural damplng of the system. The oscill-
lations were recorded to a strongly magnified scale. The
experimentally determined critical (or flutter) velocities
fully agree with the theoretical ones of Wagner and Kiissner
wlithlin the limits of comnputational and measuring accuracy.
An extrerely narrow wing without end walls (three-dimen-
slonal problem) showed the same oscillations as one with
end walls (two-dimensional problem),.

I. OBJRECT OF THR TESTS

In Germany in the past decade, methods have been pre-
sented by Blenk and Liebers (reference 1), by Kliissner (ref-
erences 2 and 8), and by Wagner and Kassner (references 5
to 7), for computing the critical velocity at which unstable
wing osclllations may be expected (flutter veloclty). Out-
side of Geruany the work of Theodorsen (reference 3) de-
serves mentlon, Blenk and Liebers neglect the reaction of
the vortices leaving the osclllating airfoil and hence give
only useful approximations for oscillations with low re-
-duced frequency w or high reduced velocity V. The ex-
Pressions of Kiissner, Wagner and EKassner, and Theodorsen,
although derived from various initial assumptions, lead to
the same solution determinants and give the same results.
In the present paper the theoretical compntations are car-

*"Untersuchungen von angefachten Dreh-Bliege-Tragfligel-
schwingungen im Windkanal.," ILuftfahrtforschung, vol., 14,
no. 9, Sept. 20, 1937, pp. 427-433,
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rled out partly according to Eilgssner, but more largely ac-
cording to the graphical method of Wagner and EKagsner,

The present tests are intended to verify the correct-
ness of the theory for the two degrees of freedom of wing
deflectlon and wing rotation., For this purpose, it was
necegspsary to mount as light a wing as possible in guch a
manner that the natural dAamplng of the system was a mini-
mum, and so as to permit the parameters to be quickly and
rellably varied. By far the greatest time expenditure was
required for the accurate determlnation of the system param-
sters., By recording the oscillatlons, an analysis of the
phase and amplitude relations and an exact determination
of the frequency woere made posslble,

The tests extended over a period of 2-1/2 years. The
results were mostly communicated to interested parties
‘(denschel Airplane Company, Technical Flight Institute at
Berlin, Institute for Aerodynanicy at Géttingen, Junkers,
and Helnkel) and were conducted in close cooperation with
the first two named for wihose erncouragement and ald appre-
. clation 18 hereby expressed.

The present report includes only comparison with the
theory within the scope mentioned. BResults .of firsgt tests
wlith allerons, the relations between steady and unsteady
oscillations (flutter), the effect of externally induced
vibrations, and the effect of vibratlion dampers are dealt
with in reference 4,

II. COLLECTION OF SYMBOLS USED

. ¢, flexural stiffness of wing

€ t,- position of elastic'a:ié-behind cpnfer of pressure

T, 5 . -
. 1 ie r = . .
n t, e agstic radius J S ' B
i¢t, radius of gyration of wing with respect to center
) of gravity o : . .
. . .- - mF . A L R
B, reduced wing mass or mass ratlo = —— .-
mf; mass of wing with end attachment'pérés, bﬁcilluf-
ing springs,- additional Weights, and recordlng
apparatus . NPT L et .
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, magg of the air‘cylindor described by the wing
my
chord ' - - o -

W/p, torslonal stiffness of the wing
vV, frequency of the oscillations

ot, position of the center of gravity behind the
' elastic axls

t, wing chord

v, ¥%¥ind velocity.
Vy» cCritical or flutter telocity
¥, reduced velocity

W, reduced frequency

P, phase between flexural and torsional oscillations
III. DESCRIPTION OF THE TEST SET-UP

The results, presented in sectlions VI and VII, were
obtalined on a wing of 2560 mm chord, 800 mm span, and 30 mm
thickness. The wing had an NACA profile 0012/63 wag con-
structed of wood, ite forward portion covered by plywood
and after portion by Japan tissue, and could be congidered
as stlff,

The wing wae suspended between the-two end walls, tho
suspenslon consléting of two end parts attached to the tips
of the wing and to each of which was fixed four helical
aprings adjusted to the same.stiffness.- To obtain the drag
a drag bracing member was employed, connected at each end
to a pin at 32 percent chord.. The posltion of the elastic
axlie and the elastic radius was determined by the points of
attachment of the vertical springe and their distances
apart, For varying the mass, the posltion of the center of
gravity - and the radius of gyration weighis were employed,
which)were clamped to the end attachment parts (figs. 1, 3,
and 3

The oscillations were recorded by two concave mirrors,
one of which recorded the rotation (or torslon) of the wing
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and the second, by meane of: - a,simple lever. transmission,
the deflectlion, 1.e., the vertical motion, the record be-
,1ng made on light-gensitive paper (fig. 2). Thie method
hag the advantage that the rotation need not..necessarily
be measured from two deflection amplitudes but can be re-
corded at the same posltion of the film with. the deflec-
tion of an arbitrary point, for example, the elastic axis.
It 1s poesible, furthermore, to chnoose the recording scale
arbitrarily large. The scale was determined by calibra-
tion, 1 mm on the record corresponding to 0,157 mm of wind
deflection and 0.13150 rotation.

The natural damping of the set-up. was negligibly small
as is shown by the oscillation curve (fig. 4). It was pos-
sible to lncrease the dampling artificially by peraitting
the lower springs, which were situated in vessels (fig. 3),
to operate in glycerine-water mixtures of various composi-
tion. The largest investigated dampling decrement & = 0.4
lies above all value of the usmaterial damping decrements of
the wing that occur 1n practice,.

IV. DETER&INATION OF THE PARA.ETERS

The vibrating mass of the gystem consists of the mass
of the wing, the side attachments, the welghts and the sus-
pension with drag dPracing and mirror mounting, The first-
named components were determined by welghlngz, the latter by
frequency determinations in oscillatlon tests. The associ-
ated oscillating air mass was determined by oscillation
computations,

. The posltlon of the center of gravity of the winz with
the slde-attachment parts was .determined by weighing of the
wing suspended on two V wires. The centor of gravity of
+the total system was computed.

.The elastic data, that 1s, flexural stiffness, tor-
gional stiffness,,K and elastic axis, may readily be deter-
mined theoretically from the stiffness. of the individnal
springs and their positions of attachment. The rolations
. were affected, however, by the drag braclng, the finita.

-~ vertical distance.apart of thc spring-attachaent points at
tho sides, the Finite length of the spring extension, and,
to a slight extent, by the lever of the deflection mirror-

_--80 .that for the accurate determination of the elastic data,

-stiffness measuroments with various spring distances and
elagstic axes were required.
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The accurate determination of the moments of 4dnertia
.wag .difficult, since the particularly light wing was af-
fected during 1its oscillatioh’ ‘by ' "the maded of air vibrating
with 1t., The most accurate method appeared to be by means
of the osclillatliaon tests of the wings in the test set-up,
the wing being flxed at its axis through the center of
gravlity so that 1t could perform only torsional vidrations,
and the paper coverlng cut out and attached rolled up.

The damping was likewlge determined by oscillation

- teats., In order to exclude the quite considerable air
damping, whose decrement ¢ /;r was determined up to 0,03,
the wing was replaced by a tube which connected the two
slde attachments, The system wag perlodlcally exclted by
rubber tengion. The rubber tension was removed by dura-
ing a taread when the gystem in its.flexural or torsional
ogclllations vibrated in resonance, In this way, natural
vibrations without secondary vibrations were obtalned,
This method was also applied in the determination of the
moments of inertila.

V. TEST PROCEDURE,

ANALYSIS OF SEVERAL OF TIE OSCILLATION RECORDS

The wind velocity was firet gradually iancreased in
the wind tunnel until flutter was set up. Thls was gener-
ally uniform so that the oscillatlon wae of constant am-
plitude ap shown in figure 5a. To each wind vslocity
there corresponded a definite amplitude (fig. 6). In con-
trast to the theory, which 1s based on tho apsumption of
infinltely small amplitudes, a damping by the alr thus oc-
curred at finite amplitudes. The sharp theoretical sepa-
ratlon line between the unstable and damped osclllations
becomes & broad band -of the stable reglon and the upper
limit of the critical velocity 1s determined by -the
strength of the airplane wing. 1In the dlagramns, flgures
8 to 13, velocities 'at which uniform amplitudes of adbout
two percent of the chHord occur are denoted by the pign =,

The wiind velocilty was tnen slowly reduced and the
point ‘¢>) noted at which the oscillatlons stopped of them-
selves. This point must correspond most accurately to -the
theory, slnce here the limiting cape of infinitely small
ogcillations with vortex fleld extending very far behind
was most nearly satisfiled. )
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" In particular casges, especially for small distance of
the center of gravity behind the elastic axig ‘and at high
"dynamic pressures, 1t was not poeslible to obtaln gtable
oscillations; osclllations were more often gset -up suddenly,
the wing estriking against the stops and being drought to
rest agaln, These cages, of which a mild example is plot-
ted in figure bb are denoted in the diagrams by the sign
< >, The irregularity 1s explalned By the fact that the
air-gtream disturbances originating from the dlower, which
could not be entirely removed by the honeycomd at some par-
ticular ingtante, predominated over the action of the air
forces, In gtill more oxtreme cases, tho oscillations on
account of thelr irregularity could hardly be considered as
flutter oscillations (denoted dy u).

Filgure B¢ shows, finally,. a- wing at the limit of stat-
ic stabllity at which 1limit small changes in the angle of
attack lead to an upward or downward tipping of the wing,

Figure 7 shows oscillation records with the test ap-
paratus in ite first forum in which by dry friction damping,
whoge decrement decreases with increasing amplitude, an un-
stabilizing value was obtained, resulting in a particularly
unstable oscillation.. Frequencies. amplitudeg, and phasge )
angles between rotation and bending are given on figures Ba
and 7., Further analysls of the curves and a detalled 4dis-
cusslon of tho effect of the phase angle and the effect of
external excitatlon on the phase anglo are found in refer-
encoc 4, .

VI. COUPARISON WITH THEE THEEORY FOR THE CASE WITHOUT DAMPING

In order to test the correctness of the theory asg com-
prehensively as possible not only individual polints but also
entire test serles wero compared with the theory, In flgure
8 the position of the center of gravlty, and hence algo the
radiues of gyration, was varied. This rosults in only a slight
change in the critical or flutter velocity. At the center
of tho curveos thero is &4 slight scattering of the computed
and test pointes. For the computation the graphical method of
Kagsnor was employed. ' In the tests a wlire of the spring sus-
penalon appears: to have rubbed somewhere, The test results
are extremely eeneitive to even the gmallest disturbances of
-this kind.

’

In figures 9. 10, and 11.'th§ elagtic radlus is the
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principal variable, Varliation of the latter also produces
.a glight varlation in the radius of gyration. The three
series of tests differ in tle various values of the radius
of gyration, the added welghtes being of equal gize and with
equal posltion of the center of gravity but with varlous
distances from the center of gravity of the entire syastem,
In those series of tests the critical velocity 1s strongly
affected by a change in the olastic radius. 1In splte of
the oxtraordinary senslitivity of the measurements,it 1is
poessible to speak of sufficient agreement betweon thoory
and experiment., A fact tq be noted is that ia the measure-
ments flutter vibrations could be observed up to ths neigh-
borhood of zero velocity.

In figure 12 the results of three series of tests are
glmaltaneously presented for which only the stiffness of the
springs wag varied. This results aleo 1n a slight change
in the radius of gyration and the osclllating mass., The in-
dopendent varlable in this series of teats 1ls the position
of the center of gravlty., 1In the three tests, thore were
equal reduced volocities V, that 1s, equal oscillation
conditions for different wind veloclities, Since, in each
cagse there 1g agreement between theory and experiment; 1t
is thus gshown that a chaunge in the Reynolds Number has no
effect on the results, it the small Reynolds Numbers em-
ployed, the "angle-of-attack semsitivity" 4 cg/d a of the
dgtatlonary flow 1s 25 percent lower than in the normal
flight range as wapg ostablighed, in agreement with similar
measuremente, by investigzation of the wing itesoclf., Filgure
12 gshows, as also the general agreement between theory and
experiment 1ln the previous figures, that during the oscil-
lation all boundary layor processes are to a large extent
eliminated and that it is corroct to mse in the computation
tho theoretical angle of attack sensitivity (abdbout 2 1),

In order to test also very light wings with the least
mags ratlios (. = 2.6), a wing of double the chord and egual
in thickness ratio was tested on the game - -test set-up. It
was here not possible to obtaln complete agreement between
theory and experilment. On account of the turbulence of the
Jet, that 1s, the irregularity of the flow coming from the
blower or gulde vanes and which wag not -entirely eliminated
‘by the honeycomb, the digturbance of the osclllatin airfoll
wag greater -the smaller its mass, 'In tho case of very light
wings, the critical velocity can thus be considerably in-
creaged by these distrubances. It i1s also shown that the
Jet of a wind tunnel has a large tendency té oscilllate,
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Through the use of a wing chord of 500 mm, the Jet becomes
highly loaded. It 1s therefore concéivable that to the
oscillations of the wlng there are added Jet osclllations
of some kind which may dlsplace the critical velocity con-
siderably below or above, It 1s therefore planned to car-
ry out several supplementary tests in the larger wind tun-
nel on light wings and to provide gpecial honeycombs for
qulieting the Jet. TFrom these tests, i1t may be concluded
that slmilarly in flight through strongly turbulent air’
flexural-torsional flutter osclillatlions of particularly
light airfolls may be delayed.

VII. COMPARISON WITH THE THEORY
IN THE CASE OF VARIABLE DAMPING

On figure 13 the critical veloclty has been plotted
agalnst the variable damping decre:mnent., The test data are
taken from filgure 8. Theory and experiment show gatisfac-
tory agreement so that also for the damping the theoretical
expresslion saould be consldered as correct.

On flgure 14, finally are plotted several rdsults
that have been obtalned with the first test set-up 1n 1935.
The natural damping was here still rather large and corre-
sponded approximately to the materlial damping of the wing.
The dampling wag determined by vibratlon tests and includes
the alr damping of the oscillating airfoil, EKers, too,
there is good agreement between theory and experiment.

VIII. TESTS FOR THE THREE-DIMENSIONAL PROBLEM

The gtarting point wag the following consideration.

+ On & wing elcment Which possesses a very small span in

comparisgon with 1tg chord, there is first Investigated the
two-dimensional osclllating condition by placing the '‘wWing
between two end walls, If these end walls are now removed,

. 'the wing element 18 exposed to a more intense flow:at 1tse
:.tips. than- a wing element as part of an alrfoil with normal

agpect ratlo. 4ll the effects of the tip flow must there-
fore in this model appear particularly emphasized. Con-
vergely, an agreement of the critical veloclity in this lim-
iting case would indicate that the effect of the tip flow
of the wing does not show up in the wing flutter,
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The model employed had the following data (see filg,

15)s 7T
Chord 500 mm Aspect ratio 0.6
Span 300 nm FTlexural elasticity 0,68 kg/em

The wing was suspended on four springs, which were
sltnated outside the air gtream, four esimple V wires leading
from the springs to the wing, In addition there was provid-
cd a2 longitudinal member for taking up the drag. The am-
plitudes at the forward plane of the spring were read on a
gage. Tne glde wallg were entirely independent of the test
get-up. In order to test the.effect of the wing without
walls 1t waes nade possible to add to the wing end egectlon a
rounded ‘plece whose welght and radius of gyration were
otherwigo replaced in tihae wing by added wioghts on the wilng,
The elastic radius was varled by cutting down the springs,
and the mass and the center of gravity as well as the radius
of gyration by adding weights to the wing,

In all cages, 1t wasg found that the removal of the
wallg 414 not Tesult in an increase in the critical veloc-
ity but occaslonally even in a small decrcease (table I),
From this result it 1ie to bPe concluded that no reductlon
factor need be applied for the tip flow of the three-dimen-
. slonal wing, The lowering of the crlitical veloclty on re-
moval of the walls 1s to be explained by the fact that in
the cagse of the short and light wing the btoundary layer be-
tween the wing and wall digturbs the procees and theroebdy
appreciably ralses the critical voloclty. The critical
velocitles obtained without the wallg are thus more rellabdle
than those obtained with the walls. A rounding off of the
wing-tlp sectlion had no approciable effect on the final re- 5
sult, . -

On table I are algo pregented the.theoreticallj'comput—
od critical velocities, The deviations, which are at times
quite congiderable, between theory and -experiment-are prob-
‘ably to be ascribed to the causes dlescussed above of tur-
bulence and vibration of the Jet, Bearing: in mind,. however,
that the wins is so sensitive to even the smallest d1stur-
3ances the- agreement 1n the twor and thron~d1monaiona1 cagos
_is surprisingly good,’ .

”
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IX. PURTHER TESTS PLANNED IN TEST PROGRAM

As a continuatlon of the above tests the following
furthor investigations are planned:

1. Short supplementary tests on a particularly light
wing l1n the moderate-sized wind tunnel.

2. Invegtlgation of a symmetrical tapered wing of as-
pect ratio 1:6 in the large wind tunnel to
check the assumptions on the three-dlmensional
problem and to 1nvestigate the coupling between
the torsional and flexural vibrations.

3. Further investigations with ailorons (ref., 4) for
choecking the theory with three degrees of free-
dom and particularly for explalning the effect
of the alleron slot on the oscillation process,
an effect which lg probadly gulte conelderadle
and which so far has not been taken into account
by any theory., It is planned to have the models
so constructed as to make 1t possible to test
individual industrlal designs by means of models
in the wind tunnel within the shortest time pos-
slble and thus effect a time-saving in making
the extremely extenslve computations reguired
for the case of the wing with alleron (three de-
grees of freedom).

X. SUMMARY

It 1g shown that the critical veloclty obtained exper-
i1mentally on a model wing suspended between two walls agreed
with the value theoretically computed, For a wing of ex-
tremely low aspect ratio the removal of the end walls does
not raise the critlcal veloclty. It is thus permissible to
apply the computations of the two-dimenslonal theory without
a correction factor to tne three-dimonslonal .case,

In the case of extremely light wings of large chord,
no absolute, complete agroement botween theory and eoxperi-
ment could be obtalned on account of the mutual interfer-
ence effect between tunnol and wing., Further tests in this
4irection in another tunnel and additional investigations
on wings with allerons are planned.

Translation by S. Reiss,
Kational Advisory Committee for Aeronautics.
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TABLE I: Goms;ress:lon Between Two— and Three-Dimensional Wing a) Wing between End Walls
b) Wing without Walls c) Wing without Walls and Rounding of Tips. Chord, 500 mm;
Span, 300 mm; Flexural Stiffness 0.68 g/cm; Elastic Axis at 0.32% Chord :

Wing data v nfs v mfs Type of Amplitudes
computation test osclllation mm
~T =TT - L :
Tagner- [Kiissner Gondi—! I :
Kassner tion |
Nl ple+of| t? & | b| c|ajbd e |a |D o
l
0.042]2,16 0,133 0.091] 3.9 - 23 123.5(23.5|< >|< >|< > | 10 |8-20 |10-20
.Ob2l2.66] .i7u| 081 3.2 - w3 |- |unz{=1/|= 15[~ | 18 :
Q423,161 .e02 | .0731 1.5 - 11.8 |11.8111.6 | = | = | = 10 | 25 | 50
.090[2.40| 1551 .092| o o 18,0 {15.6{15.6 | >|< >|< > | 0-25(8-15 | O~T5
.0902.66 173 .08 148 | 15.1 | 13.7 | - M9l =1/]|=]20|- 1 25

LL8 "ON TIMPUGIOWON T®OTUUOSl °Y ' D°'V'N

21
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¥igure 1l.- Wing with side Figure 2.- Side attachment

attachement parts. with added welght
; A and mirror mounting.

Figure 3.; Suspension 6f wing
between end walls.

Figure 4.~ Portion of oscillation
y . : ( flexural) curve for
N 4 J:© determing the natural damping of

' the system. Wing replaced by tube.

Figure 15.- Tests for three dimensional
problem. Photo shows wing Oscillating mass 1/g.240 g corre-

8
employed without.side walls and with :]p:xslgingrt:::= 4.8 & 0.0012,
rounded edge pieces. pe ‘
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